Strong RFI impact mitigation in the synthetic aperture interferometric radiometer by Hyuk, Park et al.
Strong RFI Impact Mitigation In The Synthetic 
Aperture Interferometric Radiometer  
 
 
Hyuk Park, Adriaon Camps, and Mercè Vall-llossera 
CommSensLab  












Abstract—Radio Frequency Interference (RFI) is one of the 
problems causing the performance degradation in passive 
microwave radiometry. Especially, Synthetic Aperture 
Interferometric Radiometer (SAIR) is quite vulnerable to strong 
RFI. The Soil Moisture Ocean Salinity (SMOS) brightness 
temperature images show serious contamination by the RFI. The 
RFI affection in SAIR images should be mitigated or filtered out 
to retrieve the geophysical parameters. This work presents a 
method to RFI mitigation/filtering for SAIRs. Different from the 
existing method processing the brightness temperature image 
directly, RFI filtering of the subspace of covariance matrix is 
introduced, and the results are shown. The proposed method 
shows decent results for strong RFI with efficiency compared to 
the existing methods.    
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I. INTRODUCTION 
ESA Soil Moisture Ocean Salinity (SMOS) is the first and 
only mission that employed Synthetic Aperture Interferometric 
Radiometer (SAIR) payload. It was launched on 2 November 
2009, and it is still providing the global maps of soil moisture 
and ocean salinity [1, 2]. In SMOS observation, Radio 
Frequency Interferences (RFI) are observed as decreasing the 
overall performance. RFI is still one of the barriers for synthetic 
aperture interferometric radiometer to overcome. 
Thanks to the effort to report and turn off the RFI sources, 
many of them are removed. However, RFI sources are time-
varying, and new RFI sources appear and disappear, which 
means they must be constantly monitored. Moreover, the RFI 
mitigation technique is required to improve the SAIR 
performance. 
Synthetic Aperture Interferometric Radiometers (SAIR) 
such as SMOS have more serious contamination problem from 
RFI. Specifically, one strong RFI source easily contaminates a 
whole area of the brightness temperature (Tb) snapshot. 
Therefore, a powerful mitigation method should be devised for 
SAIR, for current SMOS and future spaceborne SAIR mission.  
Recently the sub-space method for SAIR imaging has been 
proposed, which deals RFI sources as strong signal measured 
from array system [3-5]. Based on the subspace of the 
covariance (visibility) matrix, the Direction-Of-Arrival of the 
RFI sources can be estimated in more accurately and precisely. 
The spatial filtering on the subspace is also applied for RFI 
filtering/mitigation of SAIR as well. The strong RFI sources 
have the large eigenvalues in the eigenvalue decomposition of 
the covariance matrix. Therefore, by filtering out (or 
suppressing) these large eigenvalues, the RFI mitigated 
covariance matrix is obtained, which finally generate the RFI 
mitigated brightness temperature.  
In this work, the spatial filtering in covariance matrix used 
in the radio astronomy [6] is modified for the appropriate form 
to the Earth observation case like SMOS. Because of differences 
between two observation condition, the way in [6] cannot be 
directly used. The modified spatial filtering is tested by using 
several cases of SMOS RFI, e.g., single strong RFI, several RFI 
case, etc. Additionally, the mitigation of sun effect is also 
studied. 
II. METHODOLOGY 
From the viewpoint of array signal processing, the visibility 
samples of SAIR are equivalent to the elements of covariance 
matrix; cross-correlation between two elementary antenna 
outputs. Therefore, the covariance matrix of SAIR 
measurements  can be constructed from visibility samples [5].  
Once the covariance matrix R  is constructed, it can be 
divided into the subspaces of the signal (RFI) and the noise (Tb) 
using the eigenvalue decomposition. 
 𝐑𝐑𝒌𝒌 = ⟨𝐲𝐲𝐲𝐲H⟩ = 𝐀𝐀𝛔𝛔𝐬𝐬𝟐𝟐𝐀𝐀H + 𝐚𝐚𝐤𝐤σr2𝐚𝐚𝐤𝐤𝐇𝐇 + 𝛔𝛔n2 = 𝐑𝐑𝐬𝐬,𝐧𝐧 + 𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑 
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� [𝐔𝐔𝑅𝑅𝑅𝑅𝑅𝑅 𝐔𝐔𝑠𝑠,𝑛𝑛]𝐻𝐻           (1) 
 
where 𝐀𝐀 is the steering matrix; 𝛔𝛔𝐬𝐬𝟐𝟐 is the Tb; σr2 is the power of 
RFI source; and 𝛔𝛔n2  is the noise power. The measured covariance 
𝐑𝐑𝐤𝐤 can be divided into the RFI part 𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑 and the Tb with noise 
part 𝐑𝐑𝐬𝐬,𝐧𝐧 . By using the eigenvalue decomposition, the measured 
covariance matrix 𝐑𝐑𝐤𝐤  is divided into the RFI signal (𝐔𝐔RFI) and 
Tb with noise (𝐔𝐔s,n) subspaces; 𝚲𝚲𝐑𝐑𝐑𝐑𝐑𝐑 and 𝚲𝚲𝐬𝐬,𝐧𝐧 are the diagonal 
matrices with eigenvalues of RFI signal subspace and Tb with 
noise subspace, respectively.  
The number of RFI sources (diagonal dimension of 𝚲𝚲𝐑𝐑𝐑𝐑𝐑𝐑) is 
unknown and has to be estimated. For the SAIR RFI case, 
diagonal values of 𝚲𝚲𝐑𝐑𝐑𝐑𝐑𝐑 correspond to RFI sources powers are 
much larger than the diagonal values of 𝚲𝚲𝐬𝐬,𝐧𝐧  . Using this 
property, the number of RFI source can be estimated.  
An example RFI contaminated SMOS snapshot is shown in 
Fig. 1. As seen in the right column of Fig. 1, the eigenvalues of 
RFI power is much higher than the others (along with the red 
circles). In this example, the eigenvalues corresponding to the 
RFI source are considered up to the 8th one. The classification 
(or division) of eigenvalues between RFI sources and the other 
is explained in [4] in more detail. 
In (1), RFI contributes via 𝐔𝐔RFI and 𝚲𝚲𝐑𝐑𝐑𝐑𝐑𝐑. The eigenvectors 
with high eigenvalue can be considered as an RFI components 
in the measured covariance matrix, as shown in Fig. 1. Then the 
RFI mitigation (or RFI filtering) can be approached by 
suppressing these high eigenvalues so as to become the 
comparable value to other eigenvalues  𝚲𝚲𝒏𝒏.  
For the simple method, the RFI mitigated/filtered covariance 
matrix can be obtained by simple subtraction as 
 
 R𝐓𝐓𝐓𝐓 = R - 𝛂𝛂𝐔𝐔RFI𝐔𝐔𝐑𝐑𝐑𝐑𝐑𝐑𝐇𝐇  
= [𝐔𝐔RFI 𝐔𝐔s,n] �
𝚲𝚲𝐑𝐑𝐑𝐑𝐑𝐑 − 𝛂𝛂 𝟎𝟎
𝟎𝟎 𝚲𝚲𝐬𝐬,𝐧𝐧
� [𝐔𝐔RFI 𝐔𝐔s,n]H     (2) 
 
where 𝜶𝜶 is diagonal matrix suppress the high eigenvalues of 
RFI subspace. It compresses the diagonal values of matrix 
𝚲𝚲𝐑𝐑𝐑𝐑𝐑𝐑 − 𝛂𝛂 , making them in close to the diagonal values of 𝚲𝚲𝐬𝐬,𝐧𝐧. 
In idea case, the diagonal elements of 𝚲𝚲𝐬𝐬,𝐧𝐧 are equal. However, 
it is not in the practical situation.  
To find the suppressed term 𝛂𝛂, a simple algorithm is used in 
this study. In order to suppress the higher eigenvalues to be close 
to the values of others, those values are forced to be the average 
of other eigenvalues, i.e. 
   
 (𝚲𝚲𝐑𝐑𝐑𝐑𝐑𝐑 − 𝛂𝛂) ≈ mean(diag�𝚲𝚲𝐬𝐬,𝐧𝐧�).            (3) 
 
The RFI mitigated covariance matrix then has the much 
suppressed eigenvalues as shown in the second column of Fig. 
1. Along the blue crosses, the eigenvalues are mitigated and 
closed to their mean values.  
Once the RFI mitigated covariance matrix R𝐓𝐓𝐓𝐓 is obtained 
by compressing the eigenvalues of RFI subspace, the RFI 
mitigated brightness temperature image can be obtained using 





Fig. 3 shows two examples of RFI mitigation results. The 
actual measured SMOS Tb images in the middle are seriously 
contaminated by the RFI. Specifically, one or two very strong 
RFI sources are contaminating the whole image with their long 
tails and many dimples. Those strong sources have even around 
~1000 K. Therefore, whole regions of these snapshots cannot be 
used for Tb estimation. 
These strong RFI sources are well revealed as eigenvalues of 
covariance matrix as shown in the first column in Fig. 3. The 
higher eigenvalues in original (red circles) are suppressed in the 




Fig. 1. RFI contaminated SMOS Tb snapshot (left) and corresponding eigenvalues of the covariance matrix (right). 
The images on the right are RFI mitigated by using the 
proposed eigenvalue suppression. Although hot spots still exist, 
the RFI effects are significantly removed, i.e. there are no tails 
around strong RFI sources. Also, the sidelobe effects are 
removed. 
The first row in Fig. 2 is the cases of strong RFI sources 
located coastline. There are two strong RFI sources 
contaminating the whole area, which prevent to recognize the 
land and sea. After the mitigation, it shows the coastal line 
between the land and sea. The second row in Fig. 2 is the case 
of strong RFI source located in the land. It also shows the much 
RFI mitigated results. 
The third row if Fig. 2 shows the sun effect over the ocean. 
The sun is seen in uppermost part in Fig. 2 (third row, second 
column). Although the eigenvalue is not very high (165 in Fig. 
2, eigenvalue plot), it contaminates Tb image over the ocean 
which is relatively low Tb (~120 K). The tails and sidelobes are 
severe in the Tb snapshot. After the mitigation, these effects are 
much reduced. Therefore, the method can be used not only the 
RFI source, but also any strong signal source such as sun effect. 
 
IV. DISCUSSIONS 
For the simple subtraction method used here, it can be 
interpreted as the projection filtering. The subtraction in (2) can 
be considered as 
R𝐓𝐓𝐓𝐓 = 𝐑𝐑𝐤𝐤 - 𝛂𝛂𝐔𝐔RFI𝐔𝐔𝐑𝐑𝐑𝐑𝐑𝐑𝐇𝐇             
= (I − 𝛂𝛂′𝐔𝐔RFI𝐔𝐔𝐑𝐑𝐑𝐑𝐑𝐑𝐇𝐇 ) 𝐑𝐑𝐤𝐤 (I-𝛂𝛂′𝐔𝐔RFI𝐔𝐔𝐑𝐑𝐑𝐑𝐑𝐑𝐇𝐇 )         
=𝐏𝐏𝐑𝐑𝐤𝐤𝐏𝐏 ≈ 𝐏𝐏𝐑𝐑𝐬𝐬,𝐧𝐧𝐏𝐏                                      (4) 
where P is the projection matrix for filtering the strong signal. 
In this case, the subtraction can be represented by a two-sided 
linear operation, and the Tb covariance matrix 𝐑𝐑𝐬𝐬,𝐧𝐧 is altered. 
Therefore, the recovering process is required to obtain it, using 
the property of Kronecker product as [6]: 
𝐑𝐑�𝐬𝐬,𝐧𝐧 ≡ unvec�𝐂𝐂−𝟏𝟏vec(𝐑𝐑𝐤𝐤)� 
𝐂𝐂 = (𝐏𝐏𝐤𝐤𝐓𝐓⨂𝐏𝐏𝐤𝐤)                                          (5) 
Fig. 2 Results of SMOS RFI mitigation:  eigenvalue pots of covariance matrices of the original and mitigated ones (left column), RFI contaminated 
brightness temperature images (middle column), RFI mitigated TB images (right column). The first row shows the case where RFI sources are located on 
coastline, the second row for the case of in the land, and the third rows for the sun effect over the ocean. 
where ⨂  denotes the Kronecker product. Therefore, the RFI 
mitigated covariance matrix 𝐑𝐑�𝐬𝐬,𝐧𝐧  is obtained, and the RFI 
mitigated Tb image is reconstructed using it. 
 However, it is difficult to directly employ the method in (4) and 
(5) for satellite earth observation. The problem is the 
invertibility of C matrix in (5). The C matrix is invertible in 
conditions of varying the RFI source condition (directions) in 
many snapshots. The satellite SAIR like SMOS is not exactly 
the same conditions, and therefore a special adaptation/ 





In order to improve the performance of the microwave 
radiometry, RFI problems should be properly managed. Not 
only source detection and geolocation, the RFI mitigation 
methods have to be developed to effectively cope with 
temporally and spatially varying characteristics of RFI sources. 
This work presents a SAIR RFI mitigation based on the 
subspace of covariance matrix. The eigenvalue suppression 
method is proposed with some example results. The result shows 
the Tb images in which strong RFI sources are much suppressed. 
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